C erebral palsy (CP) is a group of disorders of movement and posture, often characterized by impairments such as muscle weakness, spasticity (hypertonicity), stiffness, and excessive co-contraction. 1 In children and adolescents with CP, exercise and resistance training are important components of rehabilitation programs for counteracting these impairments at the muscle level, thus improving muscle force output and efficiency. [2] [3] [4] However, little is known about the mechanisms underlying these improvements. Muscle architecture is defined as the internal arrangement of muscle fibers within a muscle and has been described as the primary determinant of muscle function. 5 Because the architecture of a muscle determines the force-velocity properties of the muscle, including outcome measures of muscle architecture is of clinical importance. Such measures include physiological and anatomical cross-sectional areas, muscle thickness, and length and angle of fascicles (bundles of muscle fibers). However, researchers are only beginning to understand the differences in muscle architecture in children and adolescents with CP and those with typical development (TD). Furthermore, information in the literature about how muscle architecture predicts muscle function in CP is scarce. Even more scarce are studies reporting on how muscle architecture predicts other impairments or activity levels in CP, which are important for informing clinical practice.
It is well documented in the literature that children and adolescents with CP have lower activity levels than their peers with TD. 6, 7 Whether primary weakness is the cause of decreased activity levels or whether decreased activity levels result in secondary weakness is unknown. Over time, the interaction of these 2 properties, in conjunction with abnormal movement patterns, may perpetuate a continuous cycle of inactivity and weakness, accompanied by disuse atrophy and alterations in muscle architecture. 8 However, existing studies of muscle morphology in CP are cross-sectional and describe morphological characteristics in school-aged children with CP. 9 -11 Therefore, the possible role of muscle dysgenesis, or abnormal development of muscle architecture, in weakness, spasticity, and disuse is unknown. It has been shown that weight-bearing muscles, particularly the quadriceps and gastrocnemius muscles, are most affected by disuse and inactivity in humans because of their antigravity function. 12, 13 Therefore, it is possible that muscle architecture is altered in these same muscles in people with CP because of muscle disuse and low activity levels.
Most knowledge about muscle architecture in CP has been obtained from studies of the gastrocnemius muscles. Elder et al 14 and Mohagheghi et al 11 reported decreased anatomical cross-sectional area and thickness of the gastrocnemius muscles, respectively, on the paretic and nonparetic sides in children with hemiplegic CP. Shortland et al 9 were the first investigators to use ultrasound imaging to evaluate muscle architecture in a small group of children with CP and a control group with TD. They observed no differences in fascicle angles and normalized fascicle lengths between the groups. However, other authors have reported differences in the fascicle angle 15,16 and fascicle length 11,15,16 of the gastrocnemius muscles in children with CP.
The quadriceps muscles are particularly important for transitioning from sitting to standing, ascending and descending stairs, and antigravity control during the stance phase of gait, among other functional activities. 17, 18 In people with CP, the strength (force-generating capacity) of the knee extensor muscles alone is significantly correlated with the standing, walking, running, and jumping components of the Gross Motor Function Measure and with the total Gross Motor Function Measure score. 18, 19 Primary weakness and secondary disuse of this muscle group, coupled with abnormal movement patterns, may lead to muscle atrophy and rearrangement of the internal muscle architecture, thus adversely affecting function. We previously reported measures of muscle architecture and the sizes of the vastus lateralis (VL) and rectus femoris (RF) muscles in a group of children and adolescents with CP and their peers with TD. We observed decreased cross-sectional areas and thicknesses of both muscles, as well as shorter fascicle lengths of the RF muscle and smaller fascicle angles of the VL muscle. 20 Ohata et al 10 reported decreased combined thickness of the RF and vastus intermedius muscles in adults with CP and severe motor involvement relative to those with moderate motor involvement. They suggested that the combined muscle thickness measure could be used as a surrogate measure of strength but did not provide any evidence to support this claim.
A surrogate measure of strength in CP would be highly beneficial because of the difficulty in obtaining quantitative measures of voluntary maximum force generation in children with selective motor control deficits resulting in a decreased or an absent ability to isolate movements, as well as in those with cognitive, hearing, visual, behavioral, or other impairments related to the ability to receive and communicate informa- 
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tion. 1 In healthy muscle, muscle architecture determines the force-velocity properties of that muscle. Three major principles should be considered. First, the number of sarcomeres in parallel, reflected by the size of the muscle, is directly proportional to the amount of force that the muscle can produce. Second, the number of sarcomeres in series, reflected by the length of the muscle fibers, is directly related to the maximum shortening velocity and the excursion of the muscle. Third, the angle of pennation of the muscle fibers is inversely related to force and shortening velocity, so that the greater the pennation angle, the lesser the force that is transmitted to the tendon and the lesser the shortening velocity. 21 However, the effect on force production usually is offset by the fact that a larger angle of pennation allows more contractile material to be attached within a given volume. 22 Because intact fibers are difficult to isolate, fascicles are typically measured in studies of human muscle. 5 Therefore, the overall purpose of this study was to investigate the critical relationships between muscle architecture and muscle function (body structures and function) and the relationships between muscle architecture and activity and participation, as outlined in the World Health Organization's International Classification of Functioning, Disability and Health (ICF) model. 23 More specifically, the first aim was to develop a predictive regression model of maximum voluntary knee extensor torque in children and adolescents with and without CP on the basis of measures of the thicknesses of the RF and VL muscles obtained from 2-dimensional (2D) ultrasound imaging. We hypothesized that the physiological relationships of muscle thickness and maximum voluntary knee extensor torque would be similar in participants with and without CP and across muscle groups. Although physiological and anatomical crosssectional areas are more commonly used in predictive models for maximum force-generating capacity, measures of muscle thickness also have been used in predictive models for maximum force and have been shown to be significantly correlated with anatomical cross-sectional area. 24, 25 In addition, muscle thickness can be measured easily and relatively quickly with 2D B-mode ultrasound; in contrast, magnetic resonance imaging and computerized tomography are more costly and time-consuming. Furthermore, the added value of including other muscle architectural variables known to influence force production, such as fascicle angle and fascicle length, was investigated.
The second aim was to quantify the relationships between muscle architectural parameters and measures of activity and participation in participants with CP. We hypothesized that fascicle length measurements would show the strongest relationships with higher-level activity scales that would be more likely to involve speed and power, whereas muscle thickness and fascicle angle measurements would be more closely related to overall global function, activity, and participation.
The clinical importance of this study is threefold: (1) to provide insight into the relationship between muscle architecture and weakness in CP, (2) to propose a surrogate measure of strength (based on ultrasound imaging) that could be used for better characterization of patients and as an outcome measure in intervention studies, and (3) to elucidate the relationships between muscle architecture and activity and participation to better interpret how a change in
The Bottom Line
What do we already know about this topic?
In individuals without impairments, the force-velocity properties of a muscle are determined by the architecture of that muscle. However, it is unknown whether these relationships are similar in people with cerebral palsy.
What new information does this study offer?
Vastus lateralis muscle thickness was highly predictive of knee extensor strength in people with cerebral palsy, particularly when age and Gross Motor Function Classification System level were considered. Rectus femoris fascicle length was related to sports and physical functioning, and vastus lateralis fascicle angle was related to locomotion, transfers, and basic mobility.
If you're a patient, what might these findings mean for you?
The study proposes an alternative measure of strength using 2-dimensional ultrasound imaging that can be used when strength testing is not feasible in people with cerebral palsy. The study also provides a better understanding of how a change in muscle architecture in response to an intervention (such as a therapy, surgery, or medication) would affect muscle strength, activity, and participation in daily life.
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muscle architecture in response to an intervention (therapeutic, surgical, pharmacological, or other) would affect activity and participation in daily life, as emphasized by the World Health Organization's ICF model. 23 A clinical example would be the use of VL muscle thickness to estimate strength in a child with CP who has cognitive impairments and is undergoing orthopedic surgery for crouch gait. This measure could be used for preoperative surgical planning, to develop a postoperative physical therapy plan of care, as an outcome measure to assess changes in strength in response to the surgical and therapeutic interventions, and to predict ambulatory outcome.
Method Participants
Eighteen young people with spastic CP (mean ageϭ12.0 years, SDϭ3.2, rangeϭ7-19) and 12 young people with TD (mean ageϭ12.3 years, SDϭ3.9, rangeϭ7-20) were recruited for this prospective study. Participants with CP were recruited from a local hospital and an outpatient rehabilitation center. Table 1 shows the characteristics of the participants. Participants with CP were at Gross Motor Function Classification System (GMFCS) levels I through IV and had bilateral lowerextremity involvement. Exclusion criteria were orthopedic or neurological surgery within 6 months before testing or botulinum toxin injections to the quadriceps muscle within 3 months before testing. In addition, participants were excluded if they had cognitive or other behavioral impairments that interfered with the ability to understand and follow directions. Written informed consent was obtained from each participant over 18 years of age, and parental consent was obtained for those under 18 years of age.
Procedure
Ultrasound (Voluson 730 Expert*) images of the RF and VL muscles were recorded in real time with a 6-to 12-MHz linear-array transducer in 2D B-mode. Imaging was performed prior to strength assessment, and the right lower extremity was chosen for measurement. Participants rested comfortably in the supine position with the knee joint near the natural resting position of 10 degrees; a towel roll was placed under the knee as needed for positioning or to aid comfort and muscle relaxation. Participants were supine for approximately 10 to 15 minutes prior to imaging. The resting angle of the knee was measured and recorded with a goniometer. Participants were instructed to relax their muscles during scanning. Images were recorded only when the muscle was fully relaxed, as evidenced in real time. Images of the RF muscle were taken at 50% of the distance between the anterior superior iliac spine and the superior border of the patella. Images of the VL muscle were taken at the midpoint between the most prominent portion of the greater trochanter and the lateral femoral epicondyle. To ensure proper placement of the probe, each midpoint was clearly marked on the skin with a surgical pen. To eliminate compression of the muscle, a generous amount of gel was applied to the skin, and the examiner held the probe suspended on top of the gel with the forearm supported. Images were taken with the probe oriented in the sagittal plane and perpendicular to the skin, and the following measurements were calculated with the ultrasound system software ( Fig. 1 ): muscle thickness was calculated as the distance between the superficial and the deep aponeuroses in the middle of the ultrasound image at a 90-degree angle from the deep aponeurosis, fascicle angle was measured as the positive angle in degrees between the deep aponeurosis and the line of the fascicle, and fascicle length was estimated as muscle thickness/sin(fascicle angle). 9 Three images were taken per muscle, and the average value from the 3 images for each measurement was used in the analyses. Intrasession reliability was previously reported to be high for all measurements obtained with this protocol (for the CP group, the intraclass correlation coefficient was Ն.93; for the TD group, the intraclass correlation coefficient was Ն.88), with particular emphasis on RF and VL muscle thickness (intraclass * GE Healthcare, Kretztechnik, Zipf, Austria. Maximum voluntary knee extensor torque was tested isometrically at a knee angle of 60 degrees of flexion with an isokinetic dynamometer (System 3 Pro † ). The 60-degree position was chosen because it approximates the optimal point on the length-tension curve for generating force. 26 The peak isometric torque of the highest of 3 repetitions was used as the measure of strength, or maximum force-generating capacity.
The Pediatric Outcomes Data Collection Instrument (PODCI) parent report and the Activities Scale for Kids (ASK), Performance Version (ASKp), were administered as measures of activity and participation. The PODCI was designed to assess self-reported physical function and psychosocial aspects of health status in children with mild to moderate musculoskeletal disability. 27 The following scales, with scores ranging from 0 (worst) to 100 (best), were used for analysis: Transfers and Basic Mobility Scale, Sports and Physical Functioning Scale, and Global Functioning Scale, which includes the preceding 2 scales in addition to an UpperExtremity Scale and a Pain and Comfort Scale. The PODCI has been widely administered in children with CP; it has high internal consistency, 27,28 moderate to good test-retest reliability, 27 moderate to excellent concurrent validity with the Gross Motor Function Measure, 28 and the ability to discriminate across motor groups for certain domains 28 and is responsive to change after orthopedic surgery. 29 The ASK is a child selfreport questionnaire that assesses physical functioning in the community for children with musculoskeletal disorders, including CP. 30 The ASK (ASKp and ASK capacity version) has excellent test-retest and interrater reliability and good validity (content, concurrent, and construct) in children who are 5 to 15 years of age and have musculoskeletal disorders. 30, 31 The ASKp measures what the child "did do" during the previous week and serves as a measure of activity and participation under the performance qualifier of the ICF model. In addition, the ASKp has been shown to discriminate among GMFCS levels in adolescents with CP across all subdomains. 32 In addition to the overall summary score, the following subdomains of the ASKp were used for analysis because they are related to lower-extremity functioning: Locomotion, Standing Skills, and Transfers.
Data Analysis
For the first aim, which was to develop a predictive model for knee extensor force-generating capacity, hand-fitted univariate multiple regression with a conceptual theoretical model was used to determine the predictive power of RF and VL muscle thickness for the response variable (knee extensor torque) in the CP and TD groups separately. Control variables (age, height, thigh length, and weight for both groups and GMFCS level for the CP group) and muscle architectural variables † Biodex Medical Systems, 20 Ramsay Rd, Shirley, NY 11967-4704. 
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(fascicle length and fascicle angle) were entered individually into the model to determine which variables improved the predictive value of the model. This strategy was based on the theoretical perspective that these variables could have an additional or competing influence on torque values. If the addition of a control variable resulted in a P value of less than .15 and changed the beta coefficient of the variable of interest significantly, the variable was kept in the model and the next variable was entered. This process resulted in an increase in the R 2 value, with the R 2 and adjusted R 2 values moving closer together. The significance level for the overall regression model was set at .05. This process was continued until the final, best model was determined for the CP and TD groups separately. There were no missing data in the multiple regression analyses; missing data can significantly alter the results.
For the first aim, to achieve a power of .80 and a medium to large effect size (Cohen f 2 ϭ.15 and .35), a sample size of between 25 and 55 was predicted to produce a significant model. We performed post hoc power analyses 33 for the predictive models for the TD and CP groups (Tab. 2). We obtained greater than 99% power for the predictive model for the TD group with 2 variables (and nϭ12) and greater than 99% power for the predictive model for the CP group with 3 variables (and nϭ18). Thus, our sample size appeared to be adequate for the model.
For the second aim, Pearson correlation coefficients were calculated to determine the relationships between muscle architectural variables and functional measures of activity and participation (ASKp and PODCI). Spearman rho correlation coefficients () were calculated for the scales that were not normally distributed. Missing data were removed from the correlation analyses; the numbers of observations are reported in the appropriate tables. The significance level was set at .05. All data were analyzed with SAS (version 9.2). ‡ 
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Results
Height, thigh length, fascicle angle, and fascicle length for both the RF and the VL muscles were not significant contributors to the knee extensor torque predictive model for either group. As expected from the literature, weight competed for variance with muscle thickness and reduced the predictive power of the model. Combining VL muscle thickness and RF muscle thickness into the same regression model also diminished the predictive power of either one alone because of the high correlation between the 2 variables. However, age was a significant control variable for both the TD and the CP groups, significantly improving the predictive power of the model over that obtained with ‡ SAS Institute Inc, 100 SAS Campus Dr, Cary, NC 27513-2414. 
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either RF muscle thickness or VL muscle thickness.
As shown in Figure 2 , RF muscle thickness and VL muscle thickness alone explained 59% and 77% of the variance in knee extensor torque for the TD group and 20% and 49% of the variance for the CP group, respectively. When age was controlled for, VL muscle thickness had the highest explanatory power for both the TD and the CP groups, explaining 91% and 62% of the variance in knee extensor torque, respectively (Tab. 2). When age was controlled for, RF muscle thickness explained 84% and 32% of the variance for the TD and CP groups, respectively (Tab. 3).
We added GMFCS levels to the regression model for the CP group to determine the effects of different GMFCS levels (Tab. 2). When both age and GMFCS levels were controlled for, VL muscle thickness predicted 85% of the variance in knee extensor torque. Linear regression of isometric knee extensor peak torque and rectus femoris (RF) muscle thickness (A) and vastus lateralis (VL) muscle thickness (B) in both participants with cerebral palsy (CP) (gold squares) and participants with typical development (blue squares). All relationships were statistically significant, except for the relationship between RF muscle thickness and knee extensor torque in the CP group. In the regression equations, ISOMϭisometric knee extensor peak torque (N⅐m), RFMTϭRF muscle thickness (millimeters), and VLMTϭVL muscle thickness (millimeters). 
Discussion
The main finding of the present study was that VL muscle thickness was the best predictor of maximum voluntary knee extensor torque for both the TD and the CP groups when age was controlled for. The regression model for the TD group had higher explanatory power than that for the CP group, explaining 91% and 62% of the variance, respectively. However, when GMFCS levels were added to the CP model, the explanatory power of the model increased to 85%.
The clinical implications of the utility of this model are noteworthy. It is not always possible to obtain accurate, quantitative measures of voluntary strength in people with CP be- Prediction of isometric knee extensor peak torque from various vastus lateralis (VL) muscle thickness values for a representative 12-year-old child with cerebral palsy (CP) at Gross Motor Function Classification System (GMFCS) levels I through IV and for a representative 12-year-old child with typical development (TD). The equations are based on the VL muscle thickness predictive equations in Table 2 for the CP and TD groups; ISOMϭisometric knee extensor peak torque (N⅐m), VLMTϭVL muscle thickness (millimeters). For the CP group: ISOMϭϪ7.6 ϩ (3.0 ϫ VLMT) ϩ (3.0 ϫ age) Ϫ (12.5 ϫ GMFCS); for the TD group: ISOMϭϪ79.7 ϩ (6.2 ϫ VLMT) ϩ (5.9 ϫ age). 
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cause motor impairments often are accompanied by cognitive, hearing, visual, communicative, or behavioral impairments. 1 These impairments can occur across GMFCS levels and can result in a diminished ability to accurately or successfully administer strength assessments. In addition, poor selective motor control often results in the inability to isolate the muscle group of interest for an isometric contraction or to isolate the joint movement of interest for a dynamic contraction, resulting in mass patterned movements. The method used to measure muscle architecture also has considerable relevance for physical therapist practice. Ultrasound is less expensive, more portable, and more accessible than magnetic resonance imaging and computerized tomography and could easily be implemented into a rehabilitation setting with proper training. The results of the present study indicate that a simple, 2D ultrasound measure of VL muscle thickness taken at 50% of thigh length, along with the age of the child and the GMFCS level, is highly predictive of knee extensor torque and may have value as a substitute for a voluntary strength assessment. Furthermore, the significant relationship between VL muscle thickness and knee extensor torque supports the use of this measure as an outcome tool for the assessment of muscle size changes in response to an intervention. Figure 3 shows the prediction of maximum voluntary knee extensor torque from various VL muscle thickness values for a representative 12-year-old child with CP at GMFCS levels I through IV and for a representative 12-year-old child with TD by use of the regression equations from Table 2 .
The slope was greater for the child with TD, so that at higher muscle thickness values, the child with TD produced higher levels of extensor torque than the child with CP at all GMFCS levels. Although the slopes were the same at all GMFCS levels for the 12-year-old child with CP, the torque values decreased as impairment levels increased (ie, higher GM-FCS levels). The difference in the predictive power of the muscle thickness model for the CP and TD groups could be attributed to several potential factors. Voluntary activation of the quadriceps muscle group was previously reported to be 33% lower in children with CP than in children with TD. 34 In addition, co-contraction of the hamstring muscles during isometric knee extension was observed to decrease net torque by 12% in the CP group but only 5% in the TD group, with the effect diminishing with increasing knee flexion angles. 35 Furthermore, Elder et al 14 measured specific tension, cross-sectional area, and muscle volume with magnetic resonance imaging for the gastrocnemius-soleus muscle complex in children with CP and children with TD (controls). They concluded that the ability to produce levels of torque consistent with crosssectional area was impaired in the children with CP, a finding that could partially explain our results. Kanehisa and colleagues 36, 37 reported that children generally produced less force per unit of cross-sectional area than adults and that this ability increased throughout adolescence.
Although the force-generating capacity of a muscle should be related to its cross-sectional area, literature reports of predictive relationships between muscle size and strength in children and adolescents are limited. Kanehisa et al 36 reported that crosssectional area multiplied by thigh length was a significant predictor of isokinetic knee extensor muscle strength in children between 6 and 9 years of age (rϭ.71-.83). Our results were similar in participants with TD, with correlation coefficients of .77 and .88 for the RF and VL muscles, respectively, and for the VL muscle in participants with CP (rϭ.70). Predictive models based on anatomical crosssectional area and muscle strength are more prevalent for adults. 24,25,38 Muscle thickness was observed to be highly correlated with cross-sectional area in adults, 24,25 was reported to be a better predictor of isometric elbow flexor muscle force than crosssectional area, 25 and was used as an accurate predictor of muscle volume. 39 Our unpublished data showed similar correlations between VL muscle thickness and extensor torque (rϭ.70) and between RF muscle crosssectional area and strength (rϭ.65) in children and adolescents with CP. Collectively, these data support the use of muscle thickness measures as potential predictors of knee extensor torque in children and adolescents with CP and without CP.
A clinically meaningful observation was the significant relationship between RF fascicle length and the Sports and Physical Functioning Scale of the PODCI. This relationship was hypothesized because of the direct physiological relationship of fiber length with shortening velocity and excursion. Interestingly, we previously reported shorter RF fascicle lengths in participants with CP than in participants with TD. 20 Therefore, decreased fascicle lengths may have direct functional implications in that they are related to lower activity levels and reduced participation in higher-level sports and activities requiring speed and power.
Also of clinical relevance was the finding that the VL fascicle angle was significantly correlated with the Transfers and Basic Mobility Scale of the PODCI and with the ASKp Locomotion subdomain. We also previously compared VL fascicle angles in children and adolescents with CP and TD. 20 Our findings had functional implications in that the decreased fascicle angles reported for participants with CP could have been a cause or a consequence of lower levels of mobility and locomotion. Our observations
were not surprising because larger fascicle angles were reported to be associated with stronger muscles and muscles undergoing hypertrophy. 22 The underlying rationale is that a larger angle of pennation allows more muscle fibers to be packed within a given space.
The VL fascicle angle was not correlated with the ASKp Transfers subdomain. There are 2 possible explanations for this finding. First, the ASKp Transfers subdomain was not normally distributed and was analyzed with the Spearman rho correlation coefficient (Tab. 4). Second, the ASKp Transfers subdomain included only 5 items related specifically to transfers (ie, getting in and out of an automobile, a chair, and a bed; getting down to the ground and back up; and sitting on the floor), whereas the PODCI included 11 items related to both transfers and basic mobility. In addition to items related to transferring in and out of bed or on and off the toilet, it also posed questions associated with mobility and even gait. Some of these questions were related to the scoring of the difficulty level for certain tasks, such as putting on a coat, walking 1 block, climbing a flight of stairs, and sitting without holding on. Thus, the PODCI is more encompassing of overall mobility than transfers only. 41 ). In addition, although the PODCI and the ASKp are both reliable and valid self-report measures of activity and participation, a limitation is that we did not use direct measures of activity and participation. Another limitation is that our sample size was not adequate to statistically compare slopes between the CP group and the TD group. However, the primary aim of the present study was to determine a predictive model for torque generation from muscle thickness in children and adolescents with CP rather than to compare the groups. Finally, a causal relationship cannot be determined from the data; that is, which came first: muscle weakness or muscle architecture adaptations?
In summary, VL muscle thickness was the best predictor of maximum voluntary knee extensor torque in our participants with CP as well as those with TD. When age and GMFCS level were controlled for, VL muscle thickness explained 85% of the variance in extensor torque in participants with CP, similar to the prediction from VL muscle thickness and age in participants with TD (R 2 ϭ.91). This predictive equation has clinical applicability because of the ease of 2D real-time ultrasound measurement, especially when strength testing is not feasible for a population. Thus, our results show promise for the use of VL muscle thickness as a surrogate measure of strength in children and adolescents with CP and as an evaluative tool for quantifying changes in muscle size in response to an intervention, such as strength training, serial casting, and even surgery. Furthermore, the relationships between RF fascicle length and sports and physical functioning and between VL fascicle angle and mobility were consistent with muscle architecture principles. An understanding of these relationships is important for determining the most effective type of exercise or resistance training for targeting specific muscle architecture parameters with the aims of influencing muscle force production and increasing activity and participation. Jennifer Miros, PT, MPT, for their support and assistance with recruitment. They thank GE Healthcare and Tania Gordley, Applications Specialist for GE Healthcare Ultrasound, for their support and technical assistance with this project.
